Abstract The absolute binding free energies and binding enthalpies of twelve host-guest systems in the SAMPL5 blind challenge were computed using our attach-pull-release (APR) approach. This method has previously shown good correlations between experimental and calculated binding data in retrospective studies of cucurbit [7] uril (CB7) and b-cyclodextrin (bCD) systems. In the present work, the computed binding free energies for host octa acid (OA or OAH) and tetra-endo-methyl octa-acid (TEMOA or OAMe) with guests are in good agreement with prospective experimental data, with a coefficient of determination (R 2 ) of 0.8 and root-mean-squared error of 1.7 kcal/mol using the TIP3P water model. The binding enthalpy calculations achieve moderate correlations, with R 2 of 0.5 and RMSE of 2.5 kcal/mol, for TIP3P water. Calculations using the newly developed OPC water model also show good performance. Furthermore, the present calculations semiquantitatively capture the experimental trend of enthalpyentropy compensation observed, and successfully predict guests with the strongest and weakest binding affinity. The most populated binding poses of all twelve systems, based on clustering analysis of 750 ns molecular dynamics (MD) trajectories, were extracted and analyzed. Computational methods using MD simulations and explicit solvent models in a rigorous statistical thermodynamic framework, like APR, can generate reasonable predictions of binding thermodynamics. Especially with continuing improvement in simulation force fields, such methods hold the promise of making substantial contributions to hit identification and lead optimization in the drug discovery process.
Introduction
Computational approaches employing molecular dynamics (MD) simulations and explicit water models have provided encouraging results in calculations of the binding affinities of protein-ligand systems, an application of central importance to early-stage drug discovery [1] [2] [3] . Compared to widely used docking and scoring methods, MD methods capture more physical details and so promise greater accuracy and more physical insight. Given continued growth in available computing power, it seems probable that MD methods will enhance the role of computation in the critical steps of lead identification and optimization. However, even methods based on MD simulations and explicit water use simplifying approximations; in particular, the potential functions they use are pared down for the sake of maximal computational speed. As a consequence, evaluating and advancing MD-based methods still requires careful comparison with experimental data. For protein-ligand calculations, such comparisons can pose substantial computational challenges, because the size and complexity of proteins make the calculations difficult to converge. A host-guest system comprises a small guest molecule fitting into the cavity of a somewhat larger host molecule, and held there by attractive noncovalent forces. Much as the E. coli bacterium is a simpler research model for more complex living systems, host-guest systems represent simple models for protein-ligand binding, due to their small size-typically only a few hundred atoms-and limited conformational flexibility; some can also function as components for chemical sensing or drug delivery [4] [5] [6] . Different types of host-guest systems exhibit a diversity of binding conformations and a wide range of binding affinities, and thus make a rich library for validating binding calculations. More importantly, computationally demanding methods, such as MD simulations with explicit solvent, can be tested efficiently with host-guest systems, thus avoiding the convergence challenges associated with protein-ligand binding calculations.
The Statistical Assessment of the Modeling of Proteins and Ligands (SAMPL) is an ongoing series of community-wide, blind challenges to assess computational methods related to drug design, allowing testing of computational components including algorithms, solvent models and force fields [7] [8] [9] [10] . The challenge of computing properties for which the experimental results are so far unpublished avoids procedural biases that can arise in retrospective analyses. The current 5th SAMPL challenge, SAMPL5, contains two prediction categories: the distribution coefficients of small drug-like molecules between water and cyclohexane, and the binding free energies of host-guest systems. In addition, SAMPL5 is the first round to include the prediction of binding enthalpies for host-guest systems. Binding enthalpies have often been regarded as prohibitively difficult to compute at high precision, because they represent the difference between two large energies, which may have high variances due to the contributions of many solvent molecules. However, our previous studies on cucurbit [7] uril (CB7) have demonstrated that with sufficient sampling and careful implementation, high precision can be achieved in binding enthalpy calculations of host-guest systems [11] . Therefore, a complete thermodynamic profile, comprising the binding free energy, the binding enthalpy, and (by subtraction) the binding entropy, can be obtained and compared with experiment.
Here we report the results of our prospective SAMPL5 host-guest predictions for the host octa acid [12] , named OAH in SAMPL5, and its methyl group modified analog [13] , OAMe. Note that these compounds are respectively termed octa acid (OA) and tetra-endo-methyl octa-acid (TEMOA) in previous experimental studies [14, 15] . The binding free energies of both of these hosts, with all six guests in the challenge, were computed using our attachpull-release (APR) approach [16] , and their binding enthalpies were computed with the single-box direct method [16] . The APR free energy calculations use a series of independently simulated windows in which restraints are gradually imposed on the bound guest, used to pull it from the binding cavity, and then released. This approach avoids concerns about possible energy dissipation, and hence irreversibility, associated with nonequilibrium pulling techniques, and also allows efficient distribution of the independent simulations across parallel processors. In our previous retrospective studies of CB7 and b-cyclodextrin (bCD) [16] , APR protocols have generated good correlations between experimental and computational binding thermodynamics.
SAMPL5 participants using explicit solvent free energy methods were encouraged to include ''standard'' runs with a prescribed set of force field and simulation parameters, for at least two of the host-guest systems, to help distinguish when discrepancies between results were caused by procedural differences versus force field differences. In principle, all participants using valid procedures should obtain essentially the same results with these standard setups. Our group generated the standard input files and provided them to the SAMPL5 participants, and then used them as the basis of our own predictions. We also simulated the entire OAH and OAMe set with the exact settings and force field parameters provided to the participants, in advance of receiving the experimental results. In addition, although TIP3P was selected to be the explicit solvent model for standard runs, we also tested the performance of the newly developed OPC water model [17] , a threecharge, four-site rigid water model which was optimized to capture the electrostatic properties of the water molecule.
Methods
The chemical structures of OAH, OAMe and their shared guest molecules are shown in Fig. 1 . Host OAH was previously used in the SAMPL4 challenge [9] , but with a different set of guest molecules. Its bowl-shape cavity is surrounded by eight water-solubilizing carboxylate groups: four located at the benzoic acid ''flaps'' of the binding pocket and four at the pendant propionate chains. The cavity mainly consists of a wide binding region close to the entrance and a gradually narrowing region deeper in the cavity. Host OAMe is identical to OAH, except for the addition of four methyl groups to the cavity entrance. This modification narrows the entrance of the binding pocket [14] , sterically reduces the flexibility of the host, and results in significant changes in the binding thermodynamics for the present guests, as detailed below.
Generation of standard input files
The experimental studies were carried out at pH values of 11.3 for NMR and 11.5 for ITC measurements, so both OAH and OAMe were treated as fully deprotonated, with a net charge of -8e. Figure 1 shows the protonation state of each guest molecule used in both the standard files and our own simulations. These are assigned based on their putative pKas, and were assumed to remain constant during binding. Bonded and Lennard-Jones parameters were obtained from general AMBER force field (GAFF) [18] . Electrostatic potentials were computed using the HartreeFock method in conjunction with 6-31G * basis set, using Gaussian09 [19] , and with the ''pop = mk, iop (6/33 = 2, 6/50 = 1)'' keywords, according to the Merz-Singh-Kollman scheme [20, 21] . Partial atomic charges were then fitted to the electrostatic potentials through the RESP procedure, as implemented in the program Antechamber, with formal charges as drawn in Fig. 1 . The starting structures of OAH and OAMe were built manually with MOE [22] and then energy minimized. The initial structures of the unbound guest molecules were obtained through the conformational search module in MOE. A 1:1 binding ratio has been confirmed experimentally for all guests and thus been adopted in our calculations. The starting bound configurations were obtained by docking the guests into the hosts with MOE. Earlier experimental studies indicated that charged groups of the guests often locate near the entrance of the cavity while the hydrophobic moieties are always inside the binding pocket [11] . The top ranked binding pose matching these experimental observations was then solvated in a cubic box with 2100 TIP3P water, with sodium ions added only for neutralization. Sodium ions were modeled with the TIP3P-specific sodium parameters of Joung and Cheatham [23] . After a short equilibration phase to relax the solvent, the final frame was saved for distribution to all SAMPL5 participants as the AMBER standard input files for OAH and OAMe. Standard input files in the format of GRO-MACS, Desmond and LAMMPS formats were converted from the AMBER files with custom scripts [24] .
Binding calculations
The binding free energy of each host-guest pair was computed from the work required to attach a set of restraints to the guest and potentially the host molecule (W attach ), pull the guest out of the binding pocket (W pull ), release all attached restraints (W releaseÀconf ), and finally set the guest at standard concentration (W releaseÀstd ) [16] :
The translational and rotational host restraints do not perturb the internal conformational degrees of freedom of the host, and remain unchanged during the entire APR process. As a consequence, there is no need to compute the work of attaching and detaching them. For the guest, the restraints were gradually turned on during the attach phase and released in the end. The work of releasing guest restraints was computed analytically. The APR framework is demonstrated in Fig. 2 . Aided by three dummy atoms, six host restraints (one distance, two angle, and three torsional restraints) were used to keep the host positioned and aligned with the z-axis of the simulation box. Three guest restraints (one distance and two angle restraints) were imposed to orient the guest on the pulling axis. Please refer to our previous study for more details [16] . Note that the internal degrees of freedom of neither the host nor the guest were affected by this system of restraints. However, for two cases, OAMe-G4 and OAH-G5, additional conformational restraints were imposed and then released, as part of the overall APR process, to solve convergence problems in these particular cases. A total of 14 windows were used for the attach phase, and 46 for the pulling phase. During the pulling phase, the umbrella sampling windows were spaced at 0.4 Å intervals. The guest was pulled to a maximum of 18 Å away from its initial position, at which it was considered to be fully unbound. Each sampling window was simulated for a minimum of 2.5 ns, with extension as needed to either bring the standard error of the mean (SEM) estimate of the forces under a specified threshold or to 50 ns, whichever came first. The thermodynamic integration (TI) approach [25] was employed to calculate the work terms from the mean force in each window. The force during the attach and release phases is found by taking the partial derivative of the restraint energy with respect to the restraint force constant, as previously detailed [16, 26] . For the pulling phase, it is the partial derivative of the restraint energy with respect to the equilibrium target value of the restraint. The force curves were integrated using trapezium integration of an Akima spline function fit to the force values of each window. Following prior procedures [16] , the binding enthalpies were computed as the difference between the mean potential energy of the first window of the attach phase, which is called the bound state, for which no guest restraints are present, and the last window of the pulling state, which is called the pulled-free state, for which the only restraints are those keeping the guest 18 Å from the host; the energies associated with the restraints themselves were not included in the averages.
Simulation details
Preliminary MD simulations of these systems, for up to a few nanoseconds, were carried out to further relax the solute, and the starting structures for APR were extracted from the last frames. Each system was then re-solvated with 2500 water molecules in an orthorhombic box. The thickness of the water layer between any atom in the solute and the edge of the box was set as 10 Å in the X and Y direction. In the Z direction, the closest distance between the guest and the nearest periodic copy of the host was more than 20 Å , even in the last window, to ensure that the interaction between them would be negligible. The box size was approximately 38 9 38 9 55 Å 3 after equilibration. In addition, different sizes of simulation boxes, which contained 2100-5000 water molecules, were tested, and no significant changes on binding free energies were observed.
All APR calculations were performed with the AMBER 14 [27] suite of programs. Binding free energies and binding enthalpies at 298 K were computed for two water models: TIP3P [28] and OPC [17] . Sodium counterions were added only as needed to neutralize the total charge of each host-guest system, due to the low salt concentrations in the corresponding experiments (10-50 mM). The TIP3P-specific ion parameters from Joung and Cheatham [23] were used for the TIP3P simulations, which is consistent with the standard input files, and the hydration free energy set of OPC specific parameters were used for simulations with the OPC water model (see Sect. 3.5 and 3.6 in Fig. 2 Diagram of the APR setup. The OAH host is in bond-stick representation, and the guest and anchor particles are in space-filling CPK representation. Silver: carbon; Red: oxygen; Orange: anchor particle. Hydrogen atoms are omitted for clarity. The three anchor particles are dummy atoms used to align the host and the guest with the z-axis of the simulation box. The guest is pulled from the binding site into solution, through a series of closely spaced, independent simulation windows the AMBER 16 manual [29] ). The same bonded and nonbonded parameters as in the standard input files were used. The production phase was simulated in an NPT ensemble with the Berendsen barostat [30] and Langevin thermostat [31] . The cutoff distance of Lennard-Jones interactions was set to 9 Å and a long-range correction was applied to approximate the interactions beyond the cutoff distance [32, 33] . Electrostatic interactions were treated with the particle mesh Ewald (PME) algorithm [34, 35] . SHAKE constraints were applied to bonds involving hydrogen [36, 37] , and the simulation time step was set to 2 fs. The binding enthalpies were computed by extending the simulation length of the first and last windows of the APR calculations to 750 ns. The representative conformations for OAH and OAMe with guests shown in Fig. 5 were clustered using 7500 frames (every 100 ps) from each 750 ns bound-state enthalpy simulation via the ''cluster'' command using the cpptraj program in AMBER 14.
Experimental data for validation
Some guests were measured by both NMR and ITC, while others were studied with only one technique [38] . Thus, there is a somewhat heterogeneous set of experimental data. Here, we compare the calculations with the same set of experimental affinities selected for error analysis in the SAMPL5 overview paper [39] . In the SAMPL5 instruction file released to the participants at the beginning stage of the challenge, the salt concentration conditions of OAH/OAMe systems was described as ''aqueous 10 mM sodium phosphate buffer at pH 11.5, at 298 K, except for OA-G6, for which the buffer was 50 mM sodium phosphate at pH 11.5''. Therefore, binding affinities measured at the closest salt conditions were adopted for error analysis. We also computed error metrics based on the averages of available data for each guest, and observed very little difference. For instance, the root mean squared error (RMSE) value of our APR-TIP3P predictions changed from 1.6 to 1.7 kcal/mol.
Adopting a selected NMR/ITC set of binding affinities can sometimes lead to a situation in which an entropy term is obtained by subtracting a binding enthalpy value measured via ITC from a binding affinity value measured via NMR. Although the NMR and ITC measurements had good agreement in most cases, this could potentially generate error, and should thus be kept in mind.
Uncertainties in binding thermodynamics terms
To obtain the SEM of the binding free energy, blocking analysis [40] was used to determine the mean and uncertainty of the restrained coordinates for each umbrella sampling window. Briefly, in blocking analysis, one set of simulations is decomposed into blocks of increasing size, up to a maximum of half the simulation length, and the SEM of the quantity of interest is plotted as a function of block size, using the approximation of statistical independence. The reported SEM is estimated as the maximum value obtained in the plateau of the blocking graph [40] .
The uncertainty was then propagated into the potential of mean force (PMF) using bootstrapping [16] . The SEM of the binding enthalpy was generated by first using blocking analysis to obtain the uncertainty of the mean potential energies of the bound and the pulled-free states, and then adding those two in quadrature. The uncertainty in -TDS term was determined by adding the errors of DG and DH in quadrature. The uncertainties in the error metrics were determined through 100,000 bootstrapping replicates, accounting for both the computational and the experimental uncertainties. For each bootstrap cycle, the composition of the data set was selected ''with replacement'', with the total number of members equaling twelve (i.e., the size of the original data set). This approach will result in some cycles having multiple copies of a certain host-guest pair and no copies of other pairs, and will provide insight into the dependence of the error metrics on the composition of the data set. To propagate the statistical uncertainty, each member of the bootstrap cycle data set was represented as a normal distribution defined by the mean and SEM for that member. A random value was chosen from that distribution for each bootstrap cycle, which we term resampling.
Conformational restraints for OAH-G5 and OAMe-G4
During our initial simulations of OAH-G5 and OAMe-G4 systems, we were aware that in some positions during the pulling phase, the distance between the host and guest deviated more than usual from the target distance. In those regions, there were wide gaps between adjacent umbrella sampling windows and the pulling coordinate was poorly sampled. In particular, this occurred when the guest was partially pulling out of the entrance of the host. Such sampling problems were observed in the simulation of OAH-G5 using the TIP3P water model and also in the simulations of OAMe-G4 using both TIP3P and OPC model. However, due to the approaching submission deadline at that time, those issues remained in the predictions. After submission, we addressed this issue much as previously done for the host CB7; i.e., by placing several additional distance restraints across the host entrance to enlarge the cavity in advance of the pulling process [16] . These restraints changed the conformational distribution of the host, and the work of both attaching and releasing them is accounted for APR procedure. The new results are referred to as ''corrected'' in Table 1 .
Results

Binding free energies and binding enthalpies
The experimental and computational binding free energies, enthalpies and entropy contributions for binding of all six guests to the OAH and OAMe hosts are listed in Table 1 . The computed binding free energies and enthalpies are also plotted against the experimental results in Fig. 3 . The error statistics at the bottom of the table were computed across both OAH and OAMe systems. As noted in Methods, the results we submitted to SAMPL5 for OAH-G5 with TIP3P and OAMe-G4 with both TIP3P and OPC reflected inadequate sampling; thus, the corrected binding affinities of OAH-G5 and OAMe-G4 recomputed using conformational restraints are shown in bold, as are the corresponding entropy terms. The submitted predictions are provided in parentheses. For the error statistics, the error metrics involving the corrected affinities and those based on the submitted predictions are similarly listed without and with parentheses, respectively. Two sets of values are also listed similarly for the entropy terms.
The corrected computational results correlate well with the experimental binding free energies, for both the TIP3P and OPC water models, as evident by inspection of Fig. 3a and from the coefficient of determination (R 2 ) values of 0.83 and 0.68 for the two respective water models. The linear regression slopes are close to the unity line, at 1.19 for TIP3P and 0.89 for OPC. There is some systematic error in the computed binding free energies, with mean signed errors (MSE) of -1.59 and -2.14 kcal/mol for TIP3P and OPC, respectively. The computed enthalpies do not correlate as well with experiment as the free energies do, as shown in Fig. 3b : the R 2 values are 0.51 for TIP3P and 0.50 for OPC. Again, systematic errors are observed, but they are of opposite sign for TIP3P (MSE -1.31 kcal/mol) and OPC (MSE 2.10 kcal/mol).
When the submitted (uncorrected) predictions for OAH-G5 and OAMe-G4 are used instead of the corrected ones, the overall R 2 values of binding free energies prove to be slightly higher than those based on the corrected results, at 0.90 for TIP3P simulations and 0.77 for OPC, and the MSE, MUE and RMSE values are all slightly lower as well. However, the uncertainty makes the differences in those error metrics of corrected and uncorrected predictions statistically insignificant. The linear regression slopes became larger, at 1.45 for both TIP3P and OPC. In addition, although the corrected affinities of OAH-G5 and OAMe-G4 show larger discrepancies with the corresponding experimental affinities compared to the uncorrected values, they are more consistent with the general observation that the binding free energies were overestimated for both water models.
The phenomenon of enthalpy-entropy compensation was observed across these host-guest series, both experimentally and computationally (Fig. 4) . For the experimental data, the R 2 value for enthalpy versus -TDS is 0.78, with a linear regression slope of -1.22. The OAH-G4 binding pair is an outlier, with a disproportionately small entropy penalty for its binding enthalpy, and this leads to a particularly favorable measured binding free energy of -9.37 kcal/mol. The calculations capture these trends semi-quantitatively. For example, calculations with TIP3P yield compensation with R 2 of 0.55 and calculations with OPC yield R 2 of 0.33, and OAH-G4 is identified as an outlier in both cases, much as seen experimentally. Accordingly, its computed binding free energies are particularly favorable, at -12.34 and -11.35 kcal/mol for TIP3P and OPC, respectively, much as seen experimentally. Figure 5 shows the most populated binding conformations of OAH and OAMe with each of the six guests, obtained via clustering over 750 ns of simulation time in TIP3P water, for the unrestrained end states used for the enthalpy calculations. Compared to the octa acid guests in the SAMPL4 challenge, the guests tested in SAMPL5 are more diverse, with a variety of chemical groups and different charges. All guests contain a charged hydrophilic head group, which always points upward in Fig. 5 and is solvated by water according to the observation in previous experimental studies [12] . The head group is then joined by a hydrophobic moiety, which is either an aliphatic chain, such as in Guest G1 and G3; or an aromatic ring, with or without attached functional group.
Binding modes of OAH and OAMe with guests
Experimental studies on octa acid suggested that cyclic carboxylate guests with extended hydrophobic moieties can reach deeper into the cavity and thus bind more tightly. In the meantime, guests that can only fit into the outer binding region of the cavity tend to bind stronger when a larger portion of the binding regions is occupied [12] . Our simulations revealed that, in the current OAH systems, guests G1-G3 with extended hydrophobic moieties leave plenty of void space in the outer binding region (Fig. 5a) . By contrast, G4 only resides in the outer binding region of host OAH, but its bulky adamantane core and the bromide moiety fully occupy this region. The strong binding affinity of OAH-G4 (Table 1) suggests that moderately increasing the occupancy of guests in the outer binding region seems to be a more effective way to strengthen binding, compared to making a longer hydrophobic moiety. The experimental binding data were obtained from Dr. Bruce Gibb [38] . All binding enthalpies and binding affinities of OAH-G6, OAMe-G6 and OAH-G4 were measured by ITC at 298 K in 50 mM sodium phosphate buffer with a pH of 11.5. The binding free energies of the rest systems were measured by NMR at 298 K in 10 mM sodium phosphate with a pH of 11.3 except that OAMe-G4 was measured at 278 K. The same experimental affinities were used for the error analysis in the SAMPL5 overview paper [39] For binding free energies and entropy terms, values in bold are the corrected affinities of OAH-G5 and OAMe-G4, while values inside the parentheses are based on the submitted predictions. Note that the binding enthalpies are not affected by sampling problems along the pulling pathway because the enthalpy calculations do not depend on the pulling pathway The error statistics R The methyl groups in OAMe did not cause any essential change to the guest conformations and orientations in the representative binding modes of OAMe systems (Fig. 5b) , compared with the corresponding OAH systems (Fig. 5a) . However, the methyl groups all point toward the region between the charged group and the hydrophobic moiety in each guest, which is usually the slimmest part in the entire guest. Since the methyl groups are in such close contact with most of the bound guests, there is a subtle balance between improving the hydrophobic contacts and causing steric clashes, which we describe in more detail later.
A ''flipped'' OAH conformation enhanced by guest binding
The flexibility of the pendant propionate chains in OAH and OAMe, as well as some distortion of the binding pockets induced by the bound guests (i.e. breathing motions), were observed in our simulations, and are consistent with those reported in previous computational studies [41] . Another intriguing phenomenon observed in our enthalpy calculations is the flipping of the four benzoic acid ''flaps'' around the OAH cavity entrance toward the guest (Fig. 6a and Figure S1 ). This occurs occasionally in the unbound state of the enthalpy calculations, in which the OAH host is considered to be free. However, when OAH is bound to a positively charged guest, G3 and G5, this ''flipped'' conformation becomes dramatically more populated. The flip percentage is 10.15 % in both OAH-G3 and OAH-G5, compared to 0.28 % in the free OAH. No flipped conformations were observed in the OAMe systems, which may be due to the steric interference between the methyl groups and the guests, and also the insufficient space in the cavity wall for the methyl group when the flap is raised, as demonstrated in Fig. 6b . To our knowledge, this conformational change has not been previously reported in experiments. This could indicate that the observation is an artifact, due to errors in the force field, but there are also reasons it might occur without being noted experimentally. For guests with a negatively charge head group, the flip percentage (Table S1 ) may be too low to be detected. Meanwhile, the positively charged guests for octa acid were not extensively studied in previous experimental studies. Moreover, even in the case of G3, which generates the highest fraction of flipped conformations, the flip percentage is only about 10 %, which is probably still challenging to be detected experimentally, and the possible influence to binding affinity may be insignificant Perhaps guests that can form more attractive electrostatic interactions with the carboxylate groups on OAH could be designed to further increase the flipped A tale of two host-guest pairs: OAH-G4 and OAMe-G4
The experimental data show high-affinity binding between host OAH and G4, whereas the measured binding affinity of OAMe with the same guest is quite low. Our TIP3P simulations successfully ranked OAH-G4 as the strongest binding pair across the OAH and OAMe systems, and OAMe-G4 as the weakest binding pair out of 12 systems (Table 1 ). In the OPC simulations, G4 was also computed to have the strongest binding guest for OAH, yet the second weakest binding guest for OAMe. Plausible explanations can be inferred from the simulations for the unexpected difference of binding affinities between the OAH-G4 and OAMe-G4 systems.
First, both calculation and experiment show a large enthalpy contribution to binding of OAH with G4, which can be related to the close and favorable contacts between these compounds in the bound state (Fig. 5) . This is consistent with our previous observations that the adamantane guests are more enthalpically favorable than other guests due to a better steric fit when they bind to CB7 [11] . Additionally, this particularly favorable enthalpic contribution in OAH-G4 is not associated with a commensurate entropy loss (Fig. 4) . For the OAMe-G4 system, the measured enthalpy value is not available, but the simulations allow one to speculate about why its affinity is so much less. Given that the binding modes of OAH-and OAMe-G4 are quite similar, we visually inspected the actual MD trajectories for both systems. Interestingly, in the binding pocket of OAH, G4 rotates much more freely than in the cavity of OAMe, with the bromide group pointing in all directions. In contrast, in OAMe, the motions of this guest are greatly restricted by this host's added methyl groups. Based on these observations, we conjecture that, although the methyl groups in OAMe in general provide close favorable contacts with the various guest molecules, they also restrict the motion of the guest, leading to a greater entropic penalty, relative to binding to OAH. In the case of G4, the restriction may become much more severe, due to the bulky adamantane core as well as the large bromine atom, leading to reduced binding affinity.
Meanwhile, it is uncertain whether reduced freedom of the guest in this situation can account for the full entropy drop; other factors, such as changes in water structure, may also contribute.
Comparing standard runs from different research groups
Another SAMPL5 host-guest submission, SOMD-3 from Dr. Julien Michel's group [42] , used the standard simulation files generated by our setup procedures (see Methods), and thus should, in principle give results very similar to our TIP3P calculations. (The name SOMD indicates MD simulations conducted within the Sire [43] and OpenMM [44] framework.) Instead of computing the work along a physical dissociation pathway, as done in APR, SOMD-3 used the double decoupling method [45, 46] with a single topology approach and the multistate Bennett acceptance ratio (MBAR) [47] method. In principle, the present APR-TIP3P results and those from the SOMD-3 submission should agree to within numerical error, and 9 of the 12 SOMD-3 binding free energies in fact match our submitted predictions to within 1 kcal/mol, which is reasonable in light of the numerical precision of the methods. The discrepancy for OAMe-G4 was resolved when we improved the sampling for this case (see above), but the disagreements for OAH-G5 and OAMe-G5 persist, despite our rerunning OAH-G5 with host conformational restraints and the SOMD-3 group running additional replicates. Currently, the computed binding free energies for OAH-G5 are -6.9 ± 0.1 kcal/mol and -4.5 ± 0.5 kcal/mol from SOMD-3 and APR-TIP3P, respectively; and the binding affinities of OAMe-G5 are -6.5 ± 0.3 kcal/mol from Fig. 6 The ''flipped'' conformation of OAH-G3, from two viewpoints (a, b). Hydrogen atoms are omitted for clarity, except for those on the cavity wall and near the upwardpointing carboxylate group in b SOMD versus -5.3 ± 0.2 kcal/mol from APR-TIP3P. The overall root-mean-squared deviation between SOMD-3 and APR-TIP3P, with matched parameters, is 0.9 kcal/mol across all 12 of the OAH and OAMe systems.
Discussion
The binding free energies computed using our APR approach for the SAMPL5 challenge achieved good correlations with measured values, although the deviations from the absolute experimental binding affinities are still large compared to the oft-stated goal of predicting proteinligand binding affinities to within *1 kcal/mol accuracy. The binding enthalpy calculations only revealed moderate correlations, despite good convergence indicated by high numerical precision. The TIP3P water model outperformed OPC model for the SAMPL5 series of systems as a whole, but more assessment based on larger test sets is needed to further evaluate the performance of water models on binding calculations. Additionally, the choice of force field parameters for the hosts and guests might influence this result.
Divergent results were observed in binding enthalpy calculations using the two different water models. The newly developed OPC water tended to underestimate binding enthalpies, whereas the TIP3P water model tended to yield overestimates. One possible explanation is that the OPC water model has a larger dispersion coefficient for the van der Waals interactions, relative to TIP3P, and thus may tend to energetically favor states in which the solutes interact with water rather than each other. Another possible reason is their different behavior in the presence of dissolved salt, as suggested by our prior studies showing that the salt effect on computed binding enthalpies for a cucurbituril-guest system differ sharply between these, as well as other, water models [48] . Further explorations of how water models and dissolved salt affect computed binding thermodynamics calculations are being carried out in our ongoing work.
Enthalpy-entropy compensation was observed for all guests in OAH and OAMe systems, though to a smaller degree in the case of G4. The fact that OAH-G4 can to some degree overcome the seemingly ubiquitous occurrence of enthalpy-entropy compensation and achieve highaffinity binding through a more favorable binding enthalpy points to the possibility of designing binding systems that gain affinity by deviating from the compensation trend. For the OAMe-G4 system, the low binding affinity was mainly attributed to a drastic entropy loss, based on the TIP3P simulations results. Our simulations capture the enthalpyentropy compensation phenomenon and replicate and correctly highlight the distinctive binding thermodynamics of the of OAH-G4 and OAMe-G4 systems. Furthermore, the simulations allow one to inspect the most populated binding modes, and thus to plausibly interpret the balance of forces that influence the binding process on a physical basis.
The issues of inadequate sampling we encountered in the OAH-G5 and OAMe-G4 systems were revealed by examining the histograms of restrained distances between one of the anchor particles and the guest. Note that complete lack of overlap between successive windows along the PMF does not yield large error bars in the MBAR results, and must instead by identified by inspection. In the past, similar issues were encountered when computing the binding free energies of various CB7 systems using the APR approach, but this did not arise in cyclodextrin calculations [16] . Meanwhile, among the SAMPL5 OAH and OAMe systems, only OAH-G5 and OAMe-G4 appeared to be problematic. Given the unpredictable occurrence of this problem, and the fact that it may not manifest in the reported numerical uncertainty, examining the distance histogram should become a routine step in the APR protocol for every system.
In summary, our APR approach generated reasonably good, but still imperfect, predictions of binding free energies for the OAH and OAMe systems in the SAMPL5 challenge. The computed binding enthalpies did not correlate with experiment very well, but still provided semiquantitative agreement with experiment, which allowed drawing at least plausible conclusions regarding determinants of binding affinity. This technology might thus find application in the challenge of lead optimization. Overall, there is still room to improve the accuracy of binding thermodynamics calculations of the host-guest systems. The similar binding free energies produced in our calculations using different water models suggest that the improvement of binding calculations gained through optimizing water parameters could be limited. Instead, accurate parameters of the general force field for the ligands or more advanced energy functions may be more important to generate meaningful improvement in affinity predictions.
Supplementary material
Examples of conformations with a variety of flap orientations from the OAH-G3 simulations; Flipped fractions rate of bound and unbound hosts; coordinates of the representative binding conformations (binding modes shown in 
